Swine were infected with Mycobacterium bovis to develop a model for pulmonary and disseminated tuberculosis in humans. Pigs were inoculated with various doses of M. bovis by intravenous (iv), intratracheal (int), or tonsillar routes. Animals were euthanized between 17 and 60 days after inoculation, and tissues were collected for culture and histopathologic examination. Lesions of disseminated tuberculosis were found in pigs given 10 4 or 10 8 cfu of M. bovis iv or int; localized pulmonary disease was found in pigs given 10 2 or 10 3 cfu of M. bovis int. Lesions ranged from well-organized tubercles with coagulative necrosis, epithelioid macrophages, and fibrosis to large expansive tubercles with liquefactive necrosis and extracellular growth of M. bovis. Tuberculous meningitis was observed in animals given M. bovis iv. Swine infected with M. bovis are a useful animal model for elucidating the mechanisms of pathogenesis and host defense to tuberculosis in humans.
Tuberculosis is the leading cause of death due to infectious infection with mammalian tubercle bacilli, including Mycobacterium tuberculosis, M. bovis, and Mycobacterium africanum, disease in the world [1] . The incidence of clinical tuberculosis within a population is influenced by a number of factors.
occur coincident with infections of cattle, wildlife, and human beings with these agents [9 -12] . Lesions occurring in swine Clearly, the epidemic of human immunodeficiency virus infection has had a dramatic influence on the incidence of tuberculonaturally infected with M. bovis and M. tuberculosis are indistinguishable [10] . Delayed-type hypersensitivity develops in sis [1] . Other factors that suppress cell-mediated immune responses, acting alone or in combination with human pigs inoculated with M. bovis orally or intradermally [13, 14] . Swine and humans have similar patterns of resistance and susimmunodeficiency virus infection, to increase the incidence of clinical tuberculosis include intravenous drug abuse [2] , ceptibility to virulent mycobacteria and develop lesions with a similar histologic character [15] . alcoholism [3, 4] , and malnutrition [5] . Study of the influence of drug abuse and alcoholism on the pathogenesis of tuberculoSwine make a convenient animal for experimental study because the animals are readily available and because their sis is complicated by the lack of characterized animal models for studies involving a combination of these factors. Swine anatomy and physiology have proven to be remarkably similar to that of humans [16] . In addition, the immune system of models of acute and chronic opiate abuse and of alcohol abuse have been well-characterized [6 -8] . Therefore, establishment swine has been well-characterized, and reagents are available for study of their immune responses [17] . Swine are being of a swine model of tuberculosis would provide a unique opportunity to study the influence of drug and alcohol abuse on the used increasingly as animal models for biomedical research applications in fields such as cardiology, physiology, behavior, pathogenesis of tuberculosis.
Swine are natural hosts for mycobacterial infections, includpharmaceutics development, and organ transplantation. Furthermore, swine are large enough to allow repeated blood saming those due to Mycobacterium bovis [9, 10] . The most common cause of swine tuberculosis is Mycobacterium avium, but ple collection, tissue biopsy, and other surgical procedures with little harm to the animal. Other animal models for the study of human tuberculosis include rabbits [18, 19] iliac lymph nodes); and peripheral lymph nodes (superficial cervical, subiliac, and deep popliteal lymph nodes). Culture. Tissues were thawed and processed for culture by
Materials and Methods
methods described previously [34, 35] . Animals. Thirty-six 4-week-old mixed-breed pigs were obHistopathologic examination. Individual tissues were fixed tained from a commercial source. Animals were housed on raised in 10% buffered formalin, embedded in paraffin, sectioned at decks in class III biocontainment facilities, and food and water 4 mm, and stained with hematoxylin-eosin by use of standard was provided ad libitum. Pigs were acclimatized for 1 week before
procedures. An additional section of each tissue was stained by inoculation with M. bovis. Personnel in contact with M. bovisa Ziehl-Neelsen staining procedure to detect the presence of infected pigs wore full-face, high-efficiency particulate air-filacid-fast organisms [36] . tered respirators.
M. bovis. The mycobacterial inoculum was prepared from a recent bovine isolate of M. bovis [34] central areas of coagulative to caseous necrosis surrounded by a mantle of macrophages, epithelioid cells, and lymphocytes. Gross lesions. In pigs that developed disseminated tuberculosis, granulomas were detected at necropsy in the lungs, Multinucleated giant cells were variably present at the periphery of the necrotic areas. The necrotic debris often contained liver, spleen, peritoneum, and multiple lymph nodes. In pigs with disseminated disease or disease localized to the thorax, significant numbers of neutrophils, and mineralization of the necrotic debris was seen in some granulomas. Fibrosis at the lung lesions varied from diffuse consolidation to multiple discrete granulomas. Fibrinous and granulomatous pleuritis were periphery of the tubercles was minimal. Acid-fast bacilli were rare in these lesions (õ1 organism/401 field). common.
Microscopic lesions. Lesions of tuberculosis were detected Tubercles observed in pigs euthanized at 45 -60 days after inoculation were of two types. The most commonly observed in each pig inoculated with M. bovis (table 2). In pigs given 10 4 or 10 8 M. bovis by any route, lesions were often widespread type of tubercle was well-circumscribed and characterized by central necrosis with or without mineralization and neutrophils, blood vessels, suggesting dissemination of the infection via the airways and hematogenously. a mantle of epithelioid cells and giant cells, and a thin collar of lymphocytes and fibrosis at the periphery ( figure 1A) . AcidThree of 6 pigs given M. bovis iv had lesions in the meninges, and M. bovis was isolated from the brain tissue or CSF from fast bacteria were rarely observed in these well-organized tubercles. Other tubercles were large expansive lesions with exthese pigs. Tuberculous granulomas were present within the wall of blood vessels in the meninges of the brain ( figure 2A ). tensive caseation and liquefied necrotic debris. Few epithelioid cells were observed at the periphery of these tubercles. LymThe cellular infiltrate consisted of macrophages and a small number of lymphocytes. Necrosis was variably present within phocytes were variably present surrounding the areas of necrothe vascular granulomas. One pig given 10 4 M. bovis iv had sis. Large numbers of extracellular acid-fast bacilli (ú100 ora large subarachnoid granuloma that extended into the brain ganisms/401 field) were present in the liquefied necrotic parenchyma ( figure 2B ). Acid-fast bacteria were identified in material. The two types of tubercles were often found in close some meningeal granulomas. proximity within a tissue. Liquefied, uncontrolled tubercles were common in pigs with disseminated tuberculosis and rare in pigs inoculated with 10 2 or 10 3 M. bovis int. Discussion Lesions were detected in the lungs of pigs inoculated by each route and with each dose of M. bovis. Lung lesions were
In this study, swine were infected with M. bovis when characterized by multifocal, coalescing to diffuse granulomachallenged by iv, int, or tonsillar routes. Pigs given 10 4 or tous pneumonitis and pleuritis (figure 1B). Lung tissue adjacent 10 8 M. bovis iv or int developed tubercles in multiple organs to the granulomas was variably involved with an interstitial and lymph nodes, indicating that bacteremia occurred, with mononuclear cell infiltrate and macrophages in the alveoli.
widespread dissemination of the organism. The disseminated Exudate was variably present in airways, with macrophages disease in swine is similar in lesion distribution and character and neutrophils being the predominant cells. Cellular thrombi to that seen in extrapulmonary or disseminated tuberculosis containing macrophages and granulomas within the vessel wall in humans [37 -41] . were commonly observed in pulmonary blood vessels and lymChallenge of swine with 10 2 or 10 3 M. bovis by the int route phatics ( figure 1C) . Acid-fast bacteria were observed within consistently produced lesions that were localized to the lungs macrophages in thrombi, bronchi, bronchioles, and alveoli. Leand draining lymph nodes. Lesions were present within 30 days after exposure. Tubercles were generally well-organized and sions were variably distributed around airways and around / 9d3b$$de31
10-29-97 18:08:33 jinfa UC: J Infect contained few acid-fast organisms; expansive, liquefied tuberfor culture and histopathologic analysis, differences in sensitivity of the two detection methods, and presence of mycobacteria cles with extracellular M. bovis were uncommon. The histologic character of the pulmonary lesions observed is characterin tissues before development of detectable lesions. Presence of well-organized controlled tubercles and unconistic of well-controlled tubercles found in the lungs and draining lymph nodes of immunocompetent adults who develop trolled liquefied tubercles in the same tissue is characteristic of tuberculosis in humans and rabbits [18, 24, 42] . Occurrence primary tuberculosis [37, 38, 40] . The well-organized granulomas that were common in these pigs may have eventually of the two types of tubercles within the same animal and tissue suggests that the host's response to the organism and ability healed or may have, in some cases, progressed to liquefied lesions with luxuriant mycobacterial growth.
to control the infection involve local as well as systemic factors [24, 42] . Local factors, such as production of cytokines (e.g., Histopathologic analysis and culture were used to determine the extent of disease in pigs inoculated with M. bovis. The two interferon-g), may result in activation of macrophages at the site of infection, with subsequent control of mycobacterial reptechniques were generally in agreement; that is, presence of lesions within a tissue usually correlated with isolation of M.
lication. Lack of activated macrophages at the local site of infection may lead to extensive replication of the mycobacteria bovis from the corresponding group of tissues. However, in a number of cases, M. bovis was isolated from a group of tissues within nonactivated macrophages and extension of the lesions. Extensive uncontrolled tubercles with liquefaction of the that were not found to contain lesions and vice versa. This probably results from differences in tissue sampling protocols caseous necrotic debris and luxuriant extracellular growth of / 9d3b$$de31 10-29-97 18:08:33 jinfa UC: J Infect M. bovis were observed in lungs, lymph nodes, and other M. bovis was isolated from the brain or CSF of pigs in which meningitis was detected and from an additional 4 pigs in which organs of infected pigs. The progression of tubercles to liquefaction, extracellular growth of mycobacteria, and cavitation meningitis was not detected. It is likely that the frequency of tuberculous foci in the brain and meninges was underestimated are thought to be crucial events in the pathogenesis and spread of pulmonary tuberculosis in humans [24, 25, 42] .
during this study because of the relatively small area of the brain (4 sections/pig) examined microscopically. An animal Liquefaction of the caseous necrotic material provides a favorable growth environment for the mycobacteria and leads model of tuberculous meningitis is not available and is of considerable interest for pathogenesis and treatment studies to rapid extracellular growth. Delayed-type hypersensitivity to the large concentration of mycobacteria and their byprod- [44, 45] . The findings of this study indicate that a swine model may be useful for the study of tuberculous meningitis. ucts is thought to be important in the extensive tissue damage that occurs in liquefied tubercles [43] . Proteinases, nucleases, Infection with M. tuberculosis is the most common cause of human tuberculosis worldwide. However, infection of human and lipases from macrophages also contribute to the liquefaction of the caseum [25] . Rupture of such a liquefied focus beings with M. bovis is still common in areas of the world in which the disease is common in cattle and has been recognized into an airway can lead to spread of the infection within the lung and into the environment [18, 42] .
as a significant infection in immigrants to the United States [46, 47] . M. bovis and M. tuberculosis are extremely closely Meningitis was observed in 3 pigs given M. bovis iv. The lesions were characterized by granulomatous vasculitis and, related and are both members of the M. tuberculosis complex of organisms. Lesions produced in humans infected with M. in one case, formation of a subarachnoid granuloma with extension into the brain parenchyma. The pathogenesis of bovis and M. tuberculosis are of a similar histologic character but differ somewhat in their tissue distribution. The primary the granulomatous vasculitis is not clear but likely occurs secondary to bacteremia, with lodging of mycobacteria route of infection with M. bovis is more commonly oral, as opposed to a respiratory route of infection for M. tuberculosis. within the vasa vasorum or adventitial vessels. In most cases, the endothelium of the affected vessel was elevated, but intact This results in lesions more often in cervical and abdominal lymph nodes in M. bovis infections than in M. tuberculosis (figure 2), which suggests that the inflammatory process began within the adventitia or tunica media rather than the infections. However, the distinction is far from absolute; primary pulmonary M. bovis infections do occur, and respiratory intima of the vessel. This is consistent with observations made in the meninges of humans with tuberculosis [44, 45] .
tract disease was found in up to 89% of M. bovis infections described in the last 3 decades [47] . We chose to study M. Acute fulminant tuberculous meningitis, which is observed in a small proportion of humans, most often children or imbovis rather than M. tuberculosis infection in swine for the following reasons: Swine are naturally infected with each of munocompromised adults, was not found [44, 45] . Fulminant tuberculous meningitis is thought to occur following extenthese organisms, and the lesions produced are indistinguishable [10] . Therefore, it is likely that swine are equally susceptible sion or rupture of a granuloma into the subarachnoid space. This was not observed in this study, but such a lesion may to M. tuberculosis and M. bovis. Second, because these organisms are so closely related, many research studies in tuberculorequire additional time to develop.
